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Abstract 
The low absorptivity of ~1 μm laser *beam sources in copper materials is a major challenge. Deep penetration welding at ~1 μm 
is only possible with brilliant lasers providing high power and small focus diameters. The absorptivity increases with shorter 
wavelengths and higher temperature of the surface of the specimen. To exploit these facts, a 1 μm and a frequency doubled thin-
disk laser were combined. The precursory green laser beam is used to heat up the surface. Under these conditions the IR-beam 
interacts with the preheated material which leads to an enhanced absorptivity and a lower threshold for deep-penetration welding. 
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1. Motivation 
Due to the low absorptivity of copper at the wavelength of 1 μm and above (Figure 1) and its high heat 
conductivity, the beginning of the welding process is particularly critical and often results in an incomplete welding. 
In many cases, when the processing optics is not aligned and shielded correctly, a large amount of back-reflected 
laser light causes severe damage somewhere in the optics chain. Several measures to account for these facts were 
investigated for pulsed laser micro processing of copper, including high peak powers at the beginning of the pulse 
with real-time control of the laser power based on simultaneous absorptivity measurements on the copper surface [1] 
and by superimposing a green laser pulse [2]. 
                      
Figure 1: Left: Absorptivity of copper at room temperature as a function of wavelength [3]. Right: Absorptivity as a function of temperature for 
copper at 1064 nm [4]. 
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Green laser light is far more suitable for copper welding, as its absorptivity is more than ten times higher as 
compared to IR laser light (Figure 1) [3]. Whilst lasers with a wavelength of 1 μm are widely in use at almost every 
power level and beam quality, cw-lasers at a wavelength in the range of 0.5 μm (referred to as green in the 
following) are not commercially available with kilowatt cw output power today. Therefore we combined laser 
beams of these two wavelengths. On the one hand a low power (<100 W) green laser is used to preheat and pre-melt 
the material. The hot material exhibits an increased absorption at 1 μm facilitating or even enabling the start of the 
keyhole welding process which is sustained with the high-power (>1 kW) IR laser on the other hand. Calculations 
for a welding speed of 25 m/min are depicted in Figure 2. The left side of Figure 2 shows the spatial distribution of 
the absorptivity of IR light on the copper surface under consideration according to the data points from the right of 
Figure 1. The solid line marks the impingement area of the green laser with a focal diameter of 25 μm at 70 W. The 
dashed line shows the interaction area of the IR laser beam. The distance between the two focus centres is 100 μm. 
The calculated absorptivity in the interaction area of the IR ranges between 7.5% and 14% with an average of about 
11% across the beam area. The illustration on the right of Figure 2 shows the temporal change of the mean 
absorptivity in the IR focus area. The green laser is switched on at time 0 s.
     
Figure 2: Left: Absorptivity of 1μm wavelength caused by the stationary temperature field of the green laser focus. Right: Formation of mean 
absorptivity of the IR focus area in relation to time. 
Considering the large power difference, the most significant effect of such a two-wavelength combination is 
expected to occur near the deep-penetration threshold or in the starting phase of the process. As soon as the keyhole 
has opened, a good absorption of the IR laser can be observed, which is due to multiple reflections inside the 
keyhole.  
In conclusion, using an additional green laser source of just a few percent of the IR power can help to 
significantly increase the IR absorption. A small focal diameter is most suitable for the green laser to heat and even 
melt and evaporate the copper material also at high welding velocities. Hence a preceding tightly focussed green 
laser beam should provide best experimental results [5, 6]. 
2. Experimental 
On the one hand the abovementioned calculations show an enhanced absorption in the molten material, on the 
other hand the green laser – in the best case – already forms a small capillary which further helps to increase the 
absorption of the IR radiation. In order to verify these considerations, the influence of preheating with a green laser 
was investigated close to the deep penetration-threshold for a range of copper alloys with a large range of heat 
conductivity. 
Figure 3a) shows the experimental setup with a fast linear axis and the combination of the two lasers. In this 
arrangement, the interaction area is fixed in space allowing stationary process diagnostics. 
Continuous-wave Trumpf disk laser systems were used for the experiments. The IR-laser was a fiber-guided 
TruDisk 5001 at a wavelength of 1030 nm. The focal diameter on the workpiece was 100 μm. The green laser was a 
free-space delivered frequency-doubled system with a wavelength of 515 nm and a BPP of about 0.164 mm×mrad. 
A focusing lens with a focal length of 100 mm was used to form a spot diameter of about 25 μm. The focus position 
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of both lasers was on the workpiece surface. The green laser was aligned perpendicularly to the workpiece surface. 
The angle of incidence of the IR laser was set to 18° to prevent optics damage by back reflections. The two lasers 
were geometrically combined with the arrangement shown in Figure 3b), allowing adjustment of the two focal 
positions relative to each other with an accuracy of about ten microns. The experiments were made with the green 
laser positioned in front of the IR laser. The distance between the centres of gravity of the two beams was set to 
about 100 μm. Figure 3c) shows a stationary burn-in documenting the distance of the two laser spots. 
           
Figure 3: a) Experimental setup with free propagating green laser; b) combining head IR and green; c) distance of the combined spots, left IR, 
right green. 
The four copper alloys CuSn6, CuFe2P, SE-Cu58, and E-Cu58 (Cu-ETP) – listed in the order of increasing 
thermal conductivity – were investigated, having a range of thermal conductivities between 75 W/mK and 
 390 W/mK. 
The process behavior on the surface including the opening of the capillary was observed in the visual spectrum 
with a high-speed CMOS camera MotionPro HS-4 from Redlake, set to a frame rate of 15.000 fps at a resolution of 
512 x 172 pixels. The camera was positioned at an angle of 45° from to the sample surface. The interaction region 
was illuminated with a diode laser stack at a wavelength of 808 nm. Together with a band-pass filter in front of the 
high-speed camera this provides an excellent image quality. Additionally the welding penetration depth was 
analyzed with cross-sections of the areas of interest. 
3. Forced keyhole welding 
All alloys under investigation showed a similar behavior. Therefore only the pictures for the bronze alloy are 
shown in the following. The effects are clearly visible both in the single frames taken from the high-speed 
recordings and from the cross-sections. 
The high-speed camera recordings of the sample surface give an instructive impression of the melt flow 
dynamics on the surface. In addition, the transition from heat-conduction welding to deep-penetration welding can 
unambiguously be identified. Figure 4 shows four typical single frames of the corresponding high-speed recordings 
which describe the influence of the green laser when the combination of the two lasers is used. In Figure 4a) a stable 
stationary heat-conduction welding trace of the IR laser at a laser power of 500 W is shown. No deep penetration 
occurs during the welding. 
102 μm  a)  b)  c)
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Figure 4: Single frame of a high-speed recording welding at v = 25 m/min: a) PIR = 500 W; b) Pgreen = 70 W; c) Pgreen = 70 W  combined with    
PIR = 430 W after switching on IR Laser; d) stationary deep-penetration process with green and IR. 
A significantly different behavior is observed when the 70 W from the green laser are additionally used. To keep 
the line energy constant, the IR laser power is reduced to 430 W giving the same added power of 500 W as with the 
IR laser only. Figure 4b) shows the trace of the green laser without IR laser. The deposited energy of the green laser 
heats the material above the melting point which manifests itself in a small melt pool following the green spot. Due 
to the high absorption and brightness of the green laser, a small capillary is observed even at this comparably low 
power. When the IR laser is switched on (Figure 4c) the width at the surface of the weld seam is increased and the 
IR beam immediately initiates deep penetration welding. The capillary is opened within 10 frames (i.e. within 
680 μs), the green laser “forces” the IR laser to deep penetration welding. This time is marked as the corresponding 
distance with an arrow in the left part of Figure 4c). 
After a certain time, the small capillary of the green laser and the larger capillary of the IR laser merge to a 
single, large capillary which is usually stable until the end of the weld. The time between switching on the IR laser 
and the merging of the capillaries depends primarily on the distance of the two focal spots, but also on the material 
and the total power level. A typical value lies in the range of 2 ms. The merging of the capillaries leads to a large 
increase of both the weld seam width and the penetration depth (Figure 5).  
Figure 5: Cross sections of welds in bronze (CuSn6) at v = 25 m/min;  a) PIR = 500 W; b) Pgreen = 70 W; c) Combined: Pgreen = 70 W and             
PIR = 430 W. 
Using only the IR laser at a power level of 500 W or less leads to heat-conduction welding with its typical 
lenticular shape and only a small amount of molten material as shown in Figure 5a). The shape of the molten area of 
the combined process is shown in Figure 5c). The combined process yields a significant increase of the welding 
depth and of the cross section area with an aspect ratio of about two confirming deep penetration welding. 
Figure 6 shows a comparison of temperature fields calculated numerically for the different cases discussed above. 
The shown temperatures are not absolutely correct due to uncertainties in material data while tendencies are 
considered correctly. Calculations only give valid temperatures as long as the surface is planar. After build-up of the 
deep welding capillary, the data no longer corresponds to the experiment. 
The first column of Figure 6 shows the build-up of the temperature field of the IR beam switched on alone. Mean 
temperature in the IR focus reaches melting temperature Tmelt after 3.5 μs. The hottest spot in the focus reaches 
evaporation temperature Tevap after 10 μs. The whole focus is above Tevap after 50 μs. 90% of the stationary 
temperature field is build up after roughly 1 ms. The other rows show the same point in time for comparison. 
Characteristic times are smaller in case of the green beam switched on which is shown in the second column. The 
average temperature in the green spot reaches Tevap before 1 μs has elapsed while the location of the IR spot in 
100 μm distance still remains at room temperature. After 50 μs – when the IR focus already reached Tevap – only a 
small amount of energy of the green laser reaches the location of the IR spot, the increase of the absorptivity caused 
 a) 
 b) 
 c)
 d)
 a)  b)  c)
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by the green laser alone is 0.5%. Hence the total absorptivity is reaching about 6%. After some more time, the 
temperature field behind the green laser spreads and the average absorption at the location of the IR focus raises to 
11%, as seen in Figure 2. 90% of the increase is attained within approx. 600 μs (Figure2 right). The third column 
shows the build-up of the temperature field in case of switching on IR and green laser simultaneously, IR power is 
430 W, green power is 70 W. Before evaporation starts at the IR spot the green laser has almost no effect on the IR 
process. In this combined process heating at the location of the IR spot is even slower as compared to the case with 
the 500 W of IR alone in the first column, because the the IR power is now reduced to 430 W.  
The fourth column shows the developing temperature field at the IR spot when the field of the green focus has 
already built up the stationary distribution. In this case Tevap at the IR spot is reached after 3 μs instead of 10 μs for 
IR alone. So the heat up time is reduced to a small fraction of the one achieved with the IR beam alone. 
In conclusion, when both lasers are turned on simultaneously the advantage of combining green and IR lasers is 
noticeable only after a given time needed to build up the temperature increase caused by the green laser. Besides the 
increase in absorptivity, the power totally coupled in the plane surface is 91 W for the combined process compared 
to 73 W for IR alone. This is an increase of 25% and also helps reaching Tevap in a shorter time which facilitates the 
start of deep-penetration laser welding in the IR focus. 
Figure 6: Comparison of temperature fields for welding parameters discussed in the paragraph above. Laser beams move to the right. IR and 
green beams are switched on at time 0 s in the first three columns. In the fourth column the temperature field of green laser is already stationary, 
while the IR beam is switched on at time 0 s. The third and fourth columns show the IR focus 100 μm behind the green focus. 
4. Influence on melt ejections 
Different effects are expected when positioning the green laser spot behind the IR laser spot with respect to 
propagation direction. In this case the green laser is positioned in the melt pool which is generated by the infrared 
laser beam. This position of the green spot is expected to affect the process stability by transferring momentum to 
the melt pool from the evaporating surface which influences the melt flow. Melt ejections which occur at low 
welding velocities mainly in copper materials can be avoided with this approach. First experimental investigations 
with a subsequent green laser, positioned 200 μm behind the centre of the IR beam, show a welding process with 
less melt ejections. For the experimental series CuSn6 and a pure copper Cu-ETP (E-Cu58) were used. 
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Figure 7: Decrease of counted weld ejections in an 80 mm long weld seam by using an additional green laser at v = 6 m/min. 
In Figure 7 the melt ejections of 80 mm long weld seams were counted for the two mentioned materials. By using 
the additional green laser beam the number of melt ejections of CuSn6 is reduced to one fifth of the melt ejections as  
compared to the processing with the IR laser only. Cu-ETP shows the same tendency even if the decrease is not as 
strong as shown with the bronze material. The laser power was set to 1.000 W for the CuSn6 and to 1.500 W for the 
Cu-ETP. When using the additional 70 W of the green laser the power of the IR was reduced by this amount to keep 
the total power constant. The left of Figure 8 shows pictures of two weld seams in CuSn6. For the upper picture only 
the IR beam was used. It shows a lot of seam imperfections effected by melt ejections. The lower picture shows the 
combined process with two laser beams leading to a much more homogeneous weld seam. The right of Figure 8 
shows two longitudinal sections in pure copper (Cu-ETP). In the upper picture a large number of blowholes can be 
seen creating defects of almost the penetration depth. For comparison a longitudinal section is shown in the lower 
picture which shows a significant reduction of the number of defects at the same penetration depth with the 
additional green laser. 
             
Figure 8    Left: seam surface of bronze material with only IR (top) and IR together with subsequent green laser (bottom). 
 Right: longitudinal section of Cu-ETP with only IR (top) and IR together with subsequent green laser (bottom). 
5. Conclusion 
In conclusion we have shown that a low-power green laser significantly influences the behavior of IR welding of 
copper alloys. With a precursory green laser beam the penetration threshold for the IR process can be lowered. By 
using a green laser beam positioned in the melt pool, the melt dynamics can be influenced so that less melt ejections 
occur. Another approach to reduce the failures in copper welding caused by melt ejections is shown in [7] by using a 
modulated power beam.  
Further investigations should consider the degree of importance of the green laser and whether the effects can 
also be shown with a low power IR-beam at very high beam quality (M²~1).
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